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Mechanisms determining the ratio of conductivity clearance to
urea clearance.
Background. Effective conductivity clearance (Kecn) has
been reported to be a surrogate for effective urea clearance
(Keu), where both are usually defined respectively as the dia-
lyzer conductivity and urea clearances (Kcn, Ku) corrected for
access recirculation (Rac). However, many investigators have
reported Kecn/Keu to be <1 and postulated anatomic distri-
bution of Na in plasma water, cardiopulmonary recirculation
(Rcp), and high rates of urea clearance (Ku) as causes. The aims
of these studies were to devise analytic models of these mech-
anisms and to clinically evaluate the modeled relationships.
Methods. We modeled and measured: (1) Na osmotic distri-
bution volume flow rate (QosmNa) in dialyzer blood flow; (2) the
separate and combined effects of Rac and Rcp on Ku and Kcn;
and (3) a novel mechanism reducing the conductivity diffusion
gradient during measurement of Kcn by recirculation through
the dialyzer (Rs) of a change in systemic blood conductivity
(Cns) induced by the abrupt changes in dialysate inlet Na
(CdiNa) required for the measurement of Kcn.
Results. The ratio QosmNa/Qbi = 1.00 + .03, N = 19 (Qbi =
total blood water flow rate). Modeling showed that the effects
of Rac, Rcp, and Rs on Kcn can be quantified as Kecn = Kcn(1 –
Cnbi/Cndi), where Cnbi is any change in conductivity in
the dialyzer blood inlet stream during a measurement, and the
effect of a combination of these mechanisms is the product of
the effects of individual mechanisms. A single-step dialysate
profile (with Rac = 0) resulted in measured CbiNa/CdiNa =
2.5/15, Kecn/Keu = 0.83, N = 21 because of Rs and Rcp, but with a
two-step, high/low profile (Ph/L) we found these respective val-
ues to be −0.6/20 and 0.97, N = 19. The ratio Kecn/Keu3 = 1.06
+ .02, M + SE, N = 35 (Keu3 = Ku corrected to reflect both ac-
cess and cardiopulmonary recirculation). The ratio Kecn/Keu1
(Keu1 is Ku corrected to reflect access recirculation only) =
1.01 + .07, N = 297, with no bias on Bland Altman analysis.
Conclusion. We conclude that (1) the osmotic Na distribu-
tion volume in blood is total blood water; (2) Kecn measured
with a short, high/low, and asymmetric dialysate profile shows
Rac effect but neither Rcp nor Rs effects on Kecn and Kecn/Keu =
1.0; (3) the Kecn/Keu ratio is strongly dependent on the type of
dialysate profile used, which must be optimized to minimize net
Na transfer to and from blood during measurement of conduc-
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tivity clearance to avoid erroneous underestimation of Kecn and
Kecn/Keu ratios <1.
AN OVERVIEW OF EFFECTIVE CONDUCTIVITY
CLEARANCE (Kecn)
The detailed technology of Kecn measurement is dis-
cussed below, and mathematic models for analysis of Kecn
are derived in the Appendix. The physical basis for substi-
tuting Kecn for effective urea clearance (Keu) is that NaCl
diffusivity is equal to urea diffusivity in plasma and NaCl
clearance and can be calculated from dialysate conduc-
tivity measurements. However, unlike urea, where there
is a large diffusion gradient between blood and dialysate,
the blood-to-dialysate Na gradient is very small, in the
range of 0 to 10 mEq/L at the start of dialysis, and de-
creasing to near 0 at the end. A brief stable Na diffusion
gradient between blood and dialysate must be created in
order to reliably measure Kecn. This was accomplished in
the on-line clearance monitor (OLC) used for these stud-
ies by an automated abrupt increase of inlet dialysate
Na (CdiNa) to 155 mEq/L, followed by an abrupt de-
crease to 135 mEq/L. The blood and dialysate flow paths
and conductivity sensors for the OLC are depicted in
Figure 1A. Typical dialysate inlet and outlet conductivity
profiles (Cndi, Cndo) and blood inlet conductivity pro-
file (Cnbi) are depicted in Figure 1B. Note that the two-
step, high/low dialysate profiles result in two momentary
steady-state diffusion gradients from which Kcn can be
measured. The clearance equations for gradient 1 and
gradient 2 can be combined to calculate Kcn from the
change from high to low dialysate inlet and outlet con-
ductivity (Cndi, Cndo), and any change in Cnbi as
depicted in Equation 1. In clinical use, Cnbi is never
measured, and Kecn is calculated in accordance with
Equation 2, where Cnbi is assumed to be 0. If Cnbi
is not 0, the relationship between Kcn and Kecn is shown
in Equation 3.
An overview of the mechanisms resulting in decreased
Kecn is shown in Figure 2. All mechanisms operate
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Fig. 1. (A) A schematic depiction of the on-line clearance monitor. (B) Typical dialysate inlet and outlet conductivity profiles and a stable blood
inlet profile. The three basic conductivity dialysance equations are shown.
through a change in the blood inlet conductivity to
reduce the diffusion gradient. The left panel in
Figure 2 depicts the effect of access recirculation with
direct recirculation of a fraction of dialyzer outflow blood
to the inflow stream. Note that Cnbi rises and falls with
Cndi and Cndo, but the systemic blood conductivity (Cns)
is constant. The right panel in Figure 2 depicts the effects
of cardiopulmonary recirculation (Rcp) and systemic re-
circulation (Rs) on Kecn. In both instances, some frac-
tion of the blood outlet stream with sequential high and
low blood conductivity (Cnbo) is recirculated back to the
blood inlet after mixing with the cardiopulmonary or car-
diopulmonary plus systemic circulation, respectively, re-
ducing the gradient between Cnbi and Cndi. The studies
reported here show the presence or absence of Rcp and
Rs are determined by the duration and amount of net Na
flux between blood and dialysate during the Kecn mea-
surement, and hence, on the duration and shape of the
dialysate conductivity profile. Modeling of Rac, Rcp, and
Rs shows their effects on Kecn are multiplicative when
more than one mechanism is operative.
The perceived role of OLC in quantification of dialysis
Calculation of the delivered dose of dialysis, Kt/V, is
based on solution of a single-pool variable volume urea
kinetic model for urea distribution volume (Vu), using in-
put values for calculated dialyzer blood water clearance
of urea (cKu), treatment time, treatment schedule, ultra-
filtration rate (Qf), and predialysis and postdialysis blood
urea nitrogen (BUN) values [1]. Multiple errors in cKu
result in wide confidence limits (±20%) on the calculated
dose of dialysis, Kt/V [1]. Furthermore, because predial-
ysis and postdialysis blood samples are required to cal-
culate Kt/V, the delivered Kt/V is usually measured only
once a month, which, when combined with ±20% confi-
dence limits, may result in long periods of underdialysis.
The multiple potential errors in estimation of cKu from
KoAU could be eliminated by serial measurements of the
effective conductivity clearance (Kecn) if it is equivalent
to Keu as defined above. If it can be shown Kecn is in fact
equal to Keu under all relevant clinical conditions, the
mean mKecn can be input directly into the modeling equa-
tions and used with pre- and post-BUNs to calculate Vu
and the delivered dose of dialysis. Further, once an aver-
age mean value for Vu (mVu) is established for an individ-
ual patient, the delivered Kt/V could be monitored every
dialysis directly from automated measurements of mKecn
and treatment time (i.e., mKecn(t)/mVu), without taking
blood samples, and therefore, hopefully provide earlier
detection of underdelivery of the prescribed eKt/V.
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Fig. 2. The left upper and lower panels depict the effect of isolated access recirculation on effective conductivity dialysance. The right panels
illustrate the effects of cardiopulmonary and salt loading with systemic recirculation on effective conductivity dialysance. Note that in each instance
the effect is mediated by increase and decrease in the blood inlet conductivity and reduction of the diffusion gradient.
However, the ratios of Kecn/Keu reported over the past
10 years have most often been <1 [2–8]. The mecha-
nisms suggested in the literature for ratios of Kecn/Keu
<1 include osmotic distribution of blood Na equal to its
anatomic distribution in plasma, rather than total blood
water [5, 6], cardiopulmonary recirculation [7, 8], high
dialyzer urea clearances [4], and a differential effect of
membrane surface charge on Na transport [4, 6, and ab-
stract; Ebben J et al, ASAIO J 42:A81, 1996]. We have
developed a model to analyze the separate and com-
bined effects of these mechanisms on the Kecn/Keu ratios,
and elucidated a previously unrecognized major technical
cause of a low ratio resulting from recirculation through
the dialyzer of an acute change in systemic blood con-
ductivity/Na (CsNa or Cns) induced during the mea-
surement by the technique, per se (see Appendix for
derivations). Recirculation of the acute CsNa or Cns
through the dialyzer (Rs) results in decreased Na diffu-
sion gradient during measurement and error in calculated
clearance.
METHODS
Patients
All studies were performed during regularly scheduled
dialyses at Davies Medical Center in San Francisco, and
at the Irving Place Dialysis Unit of the Renal Research
Institute in New York City. All patients were dialyzed
with Fresenius F60 or F80 high-flux polysulfone dialyz-
ers using arterial-venous grafts or fistulas; selection was
opportunistic, and the only exclusion criterion was use
of a catheter for blood access. Six Baxter CA 210 di-
alyzers (Baxter Healthcare Corp., Deerfield, IL, USA)
were electively studied for comparison of cellulose ac-
etate and polysulfone membrane effects on Kecn. All
protocols were submitted to the respective Institutional
Review Boards for approval of informed consent. A to-
tal of 98 patients participated in the several Na and urea
transport study protocols. The patients were dialyzed at
their regularly prescribed blood and dialysate flows, ex-
cept in a small number of studies the blood lines were
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briefly reversed from cocurrent to countercurrent flow to
induce high levels of access recirculation.
The on-line clearance monitor (OLC)
The OLC used for these studies was developed by
Fresenius Medical Care, North America, is based on the
concept of Polaschegg [9], and is depicted schematically
in Figure 1A. It was incorporated into the Fresenius 2008
H dialysate delivery system and comprises: (1) conductiv-
ity meters and thermistors deployed in both the dialyzer
inlet and outlet dialysate flow paths to monitor conduc-
tivity and temperature in the two streams (Cndi, Cndo);
(2) a modified dialysate-proportioning hydroblock, which
can provide conductivity-controlled abrupt, sequential
increase and decrease in pumping rate of acid concentrate
to increase and decrease dialysate inlet Na concentra-
tion rapidly; and (3) software to control the acid concen-
trate pump, monitor Cndi, Cndo, inlet and outlet dialysate
flow rates (Qdi, Qdo), and Qf, and to provide automated
calculation of the effective conductivity clearance (Kec)
as described above and mathematically derived in the
Appendix. The thermistors and conductivity meters had
resolution to ±.01 degrees centigrade and ±.001 mS/cm,
respectively. The OLC software monitors the high/low
Cndi and Cndo profiles at very frequent intervals (see
Fig. 1B), and identifies steady state as the point when
dialysate conductivity becomes stable in both inlet and
outlet dialysate (i.e., both dCndi/dt = 0 and dCndo/dt = 0
during the sequential baseline, high and low profile seg-
ments). The time required to reach steady state is 2 to 3
minutes for each of the sequential high/low profile seg-
ments so the total test time for each measurement of Kecn
is in the orde r of 4 to 6 minutes. As depicted in Figure 1B,
the high and low profile segments are asymmetric relative
to blood Na, which averages about 140 mEq/L. The target
high Cndi is 15.5 mS/cm, corresponding to approximate
dialysate Na of 155 mEq/L, while the target for low Cndi
is 13.5 mS/cm, corresponding to dialysate Na of approx-
imately 135 mEq/L. An automated procedure was also
incorporated in the 2008 H self-check start-up routine,
which compares the two conductivity meters at 15.5 and
13.5 mS/cm for any difference in slope. The meters have
proven to be very stable and rarely require recalibration.
Blood and dialysate sampling procedures for urea
and conductivity transport measurements
Needles and syringes were placed in the inlet and out-
let dialyzer bloodlines, and syringes were attached to inlet
and outlet dialysate sample ports during the baseline in-
terval. At the moment steady states for both Cndi and
Cndo were displayed on the OLC monitor, samples were
drawn simultaneously by two people from the inlet and
outlet blood and dialysate lines in rapid sequence. Ultra-
filtration was at the prescribed rate, except during mea-
surements of Na osmotic distribution volume. It was re-
duced to 0 during these measurements to avoid obscuring
the measurement of diffusive transport by very high rates
of convective transport. In this way, we simultaneously
measured CbiNa, CboNa, CdiNa, CdoNa, Qwb, Qdi, Hi, TPi,
and TPo during brief steady state for the high dialysate
conductivity interval to calculate the osmotic volume of
Na distribution in blood flowing through the dialyzer, as
described below. We simultaneously measured Cbiu, Cbou,
Cdiu, Cdou, Hi, TPi, TPo, Qwb, Qd, and Qf to calculate Ku
during the brief steady state of the low profile segment,
which marks the exact end of a Kecn measurement. The
blood flow rate was then slowed to 70 mL/min for 15 sec-
onds, and a sample was taken from the arterial line to
measure urea concentration in the blood access (Cacu)
to calculate Keu1. In 35 studies dialysate was bypassed,
and another sample was taken from the arterial line 105
seconds later (Csu), representing true systemic urea con-
centration because the Rcp effect is considered to be dis-
sipated in 2 minutes. The Csu value was used to correct
Keu1 to reflect Rcp (Keu2) and to calculate Keu3, which
represents the combined effects of Rac and Rcp on Ku
(see calculations). Thus, we were able to compare mea-
sured Kecn with simultaneously measured Ku, Keu1, Keu2,
Keu3, and, in this way, assess Kecn for effects of Rac Rcp
and Rs on the Kcn measurement.
The range of access recirculation effects on simultane-
ously measured Kecn and Keu was increased by reversal
of the bloodlines, resulting in dialyzer blood flow coun-
tercurrent to access flow in a small number of studies.
When a steady state for the low conductivity profile seg-
ment was displayed, blood and dialysate inlet and outlet
samples were taken as described above to calculate Ku.
Immediately after these were taken, the blood pump was
stopped, the arterial blood line was separated from the
fistula set; a syringe was attached, 5 to 7 mL were as-
pirated to clear the fistula segment, and a new syringe
was then used to draw a 10 mL sample for hematocrit
(Hct), urea, and total protein for the Cacu sample. This
procedure was timed, and these Cacu samples were al-
ways obtained within a window of 14 to 19 seconds after
stopping the blood pump so that Rcp effect would not yet
have become evident. In this way we could compare Ku
and Keu1 with and without high levels of Rac to Kecn.
Sequential measurements of dialyzer inlet blood Na
concentration (CbiNa) were obtained in 21 patients during
the short steady state intervals of the baseline, high, and
low profile segments to assess the magnitude of changes
in blood water inlet Na concentration (CbiNa) during
each profile segment.
The method for whole blood flow measurement (Qwb)
has been described previously [10], and is based on di-
rect measurement of pump speed (rpm) and correction
of stroke volume for inlet pump pressure. During early
studies dialysate flow rate was measured volumetrically
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(Qd) in duplicate with simultaneous measurement of the
dialysate cycle rate (CR). From this calibration, cycle vol-
ume (CV) was determined as CV = Qd/R. For a measure-
ment, CR was counted and Qd calculated from CV (CR),
but because these values always agreed to within ±1%
with the displayed Qd, in later studies the displayed Qd
was used after calibration was verified for each machine.
CALCULATIONS
Calculation of blood water and solute distribution
flow rates
The blood inlet, outlet, and systemic blood plasma wa-
ter fractions (pwfi, pwfo, pwfs) were calculated from total
protein concentrations [10, 11]. The total inlet blood wa-
ter flow rate (Qbi) was computed as
Qbi = Qwbi(pwfi)(1 − Hcti/100) + .72(Hcti/100)
(equation 1)
where red cells are considered to be 72% water, the oulet
blood water flow rate was calculated as
Qbo = Qbi − Qf (equation 2)
The inlet plasma water flow rate was calculated as
Qpi = [Qwbi(1 − (Hcti/100)][pwfi]
(equation 3)
All blood inlet and outlet solute concentrations were
expressed as concentration in plasma water (Cp) by di-
viding the measured plasma concentrations by inlet and
outlet plasma water fractions. Thus, all urea and sodium
fluxes and mass balances refer to blood water concentra-
tions and flow rates for each solute. Blood and dialysate
chemistries were all measured at the Fresenius R & D
laboratory in Walnut Creek, CA, USA, using standard
methods for the RA 1000 auto analyzer. The microhe-
matocrit method was used to measure hematocrit.
The magnitude of fractional access recirculation (Rac)
was calculated from Cbiu and Cacu in accordance with the
well-known relationship
Rac = (Cacu − Cbiu)/(Cacu − Cbou)
(equation 4)
Because it is well established that the volume of urea
distribution in blood to calculate urea removal across the
dialyzer is total blood water content, urea clearance was
computed from the mean of simultaneously measured
urea flux across the blood and dialysate compartments
and divided by the inlet blood concentration. The mean
urea flux (mJu) as computed from Equations A2-A4 as
mJu = [(Cbiu − Cbou)Qbi + CbouQf + Cdou(Qdi + Qf)]/2
(equation 5)
Ku was then calculated as
Ku = mJu/Cbiu (equation 6)
The widely used definition of effective urea clearance
is that value reflecting the effect of access recirculation
on Ku, defined here as Keu1, and calculated as
Keu1 = Ku/(Cbiu/Cacu) (equation 7)
where Cacu is the arterial line sample taken 15′′ after slow-
ing the blood pump, and Keu1 is the Ku value corrected
to reflect the isolated effect of access recirculation.
A second definition of effective urea clearance (Keu2)
represents the isolated effect of cardiopulmonary recircu-
lation on Ku calculated from the Csu sample in accordance
with
Keu2 = Keu1 (Cacu/Csu) (equation 8)
where Keu2 is the Keu1 value corrected to reflect the
effect of cardiopulmonary recirculation. These relation-
ships are further developed in the Appendix.
A third definition of Keu (Keu3) is fully derived in the
Appendix, and represents the combined effects of Rac
and Rcp on Ku and expressed as Keu3 = mJu/Csu.
Flow rate of the osmotic distribution volume for Na in
blood (QosmNa) was calculated as follows. Combination
of mass balance, Equations A2 and A3 in the Appendix
shows
(CpiNa − CpoNa)(QosmNa) = (CdoNa − CdiNa)Qd
(equation 9)
which can be rearranged to give
QosmNa = (CdoNa − CdiNa)Qd/(CpiNa − CpoNa)
(equation 10)
The QosmNa is flow rate of the osmotic distribution
volume for Na during steady state diffusion of Na from
dialysate to blood or blood to dialysate with
Qf = 0. We compared QosmNa to Qpi and Qbi.
The mathematic derivation of effective conductivity
clearance (Kecn) is contained in the Appendix. The au-
tomated calculation routine in the OLC based on that
derivation is
Kecn = [1 − Cndo/Cndi][Qd + Qf]
(equation 11)
Because blood conductivity is not measured, the OLC
monitor can only return a value for Kecn, and Kecn will
equal Kcn only if there is no change in blood inlet con-
ductivity (i.e., Na concentration) resulting from Rac, Rcp,
and/or Rs induced by the measurement. The effective
conductivity dialysance (Decn) is calculated in accordance
with Equation A5 in the Appendix, which, when solved
for Decn shows
Decn = [Kecn − Qf]/[1 − Qf/Qbi]
(equation 12)
Note that when Qf = 0, Decn = Kecn
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Fig. 3. (A) The Na osmotic distribution volume flow rate is compared
to plasma and total blood water flow rates and shown to be equal to
the total blood water flow rate. (B) Shown are the changes in dialyzer
blood inlet Na concentration (CbiNa) observed with single step base-
line/high and the asymmetric high/low profile.
RESULTS
Sodium osmotic distribution volume flow rate (QosmNa)
The results of these measurements are shown in
Figure 3A, where Qpi and QosmNa are plotted as functions
of total dialyzer inlet blood water flow rate (Qbi), and
the mean ratios are tabulated. These data clearly show
that, although the anatomic distribution of Na in blood
is plasma volume, the osmotic distribution of Na is total
blood water with mean ratio QosmNa/Qbi =1.00± .03. This
is not unexpected and reflects the well-known anatomic
distribution of Na in extracellular water, but osmotic dis-
tribution equal to total body water [13] in response to
administration of hypertonic saline.
Change in dialyzer blood inlet Na concentration
(CbiNa) as a function of the dialysate Na
concentration profile (∆CdiNa)
The measured changes of blood inlet Na concentration
during the sequential baseline/high (Pbl/h) and high/low
(Ph/l) CdiNa profile segments are shown in Figure 3B. The
blood inlet Na concentration increased sharply (2.5 ±
.4 mEq/L) with the step function increase of CdiNa by
15 mEq/L over the Pbl/h interval; a much smaller change,
−.6 ± .3 mEq/L, was seen with a total change in CdiNa
of 20 mEq/L during the Ph/l interval. Access recircula-
tion was 0 in the simultaneous urea measurements. The
effect of the observed CbiNa during Pbl/h with CdiNa
of 15 mEq/L on measured KeNa/KNa can be evaluated by
substitution into Equation A29, which shows KeNa/KNa =
1 − (2.5/15) = .83. Because Rac = 0, this low ratio of
obsKeNa/Keu1 must be caused by an Na loading induced
rise in systemic blood Na concentration (CsNa) resulting
in Rs amplified by cardiopulmonary recirculation, which
is discussed further below (see Discussion and Equations
A56 and A56a). Substitution of the results with the Ph/l
into Equation A29 shows KeNa/Ku = 1 − .6/20 = .97,
which is characteristic of isolated Rcp effect, obsKeNa/
Keu1, in this small data subset with high clearance dialyz-
ers. These data are interpreted to indicate during mea-
surement of Kecn with a single step baseline/high profile
that there is sufficient salt loading to increase CsNa and
result in Rs with secondary Rcp, and a decrease of Kecn
primarily through a technical mechanism (Kecn3).
The effect of cardiopulmonary recirculation (Rcp) on Kcn
We compared simultaneous measurements of Kecn
and Keu3 where Keu3 was calculated in accordance with
Equation A24 using the Cbiu and Csu sample drawn
120 seconds after the blood and dialysate urea clear-
ance samples across the dialyzer were drawn. The ra-
tio obsKecn/Keu3 averaged 1.06 ± .02, mean ± SE, which
clearly demonstrates that the Rcp effect expressed in Keu3
was not expressed in the obsKecn measurement (see Equa-
tions A58 to A58b). If there were an Rcp effect on obsKecn,
we would have observed that obsKecn/Keu3 = 1.00, with
the effects of f (Rac)•f (Rcp) on both Kcn and Ku canceling
out, so obsKecn/Keu3 = Kcn/Ku. Instead, we saw the ratio
1.06, which is the reciprocal of f (Rcp) (Equation A58b),
and shows f (Rcp) = .95 in Keu3 but was not expressed in
obsKecn.
Simultaneous measurements of obsKecn and Keu1
The correlation of obsKecn to Keu1 is shown in Figure 4A
for 296 simultaneous measurements in the San Francisco
and New York centers, using only the high/low asymmet-
ric dialysate Na profile. The measurements with high lev-
els of Rac induced by needle reversal and countercur-
rent flow (Qbctrcr) are depicted as open symbols. It can be
noted the data points conform closely to the identity line
over the total range of clearances with and without Rac.
In order to evaluate the small linear regression intercept
and slope of 0.88, the data were analyzed with a Bland
Altman plot [12], as shown in Figure 4B. The results in
Figure 4B indicate no bias with intercept of 1.3 mL/min
and r2 = 0.001. The near unity ratio of obsKecn/Keu1, 1.01 ±
.07, mean ± SD, N = 296, over wide ranges of Ku and
Rac, provides strong evidence that these measurements of
obsKecn accurately reflect f (Rac) but show neither f (Rcp)
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Fig. 4. (A) The correlation of obsKecn to Keu1 in 98 patients with in-
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nor f (Rs) effects. We have not found previously reported
data comparing obsKecn to Keu1 with the very wide range
of access recirculation shown in Figure 7, many of which
were in the range of 50% to 60%.
Effect of membrane surface charge
A small number of studies (N = 10) were done
with the CA210 dialyzer. These measurements showed
obsKecn/Keu1 = 0.97 ± .04, suggesting the small positive
charge on CA membrane may have resulted in a slightly
reduced obsKecn/Keu1 ratio because there was no evidence
of f (Rcp) or f (Rs) in our data. Data reported by Mer-
cadal [4] included 4 dialyzer models with uncharged mem-
branes, and 2 models with highly charged synthetic mem-
branes. They concluded there was a negligible effect of
membrane charge on the ratio Kecn/Ku. Thus, it appears
that membrane charge has minimal, if any, effect on the
obsKecn.
Changes in Ku, Keu1, and Kecn during dialysis
The study protocol was designed to systematically ob-
tain dialysance measurements early and late in dialysis.
Routinely, six automated OLC measurements of Kecn
were programmed, and simultaneous measurements of
Ku, Keu1, and Rac were made during the second and fifth
Kecn measurements. The second and fifth automated Kecn
measurements made with simultaneous measurements of
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Fig. 5. (A) The mean ratios of each sequential Kecn measurement
(Kecnt) to the first value (Kecno) are plotted as a function of test number.
There is a highly linear decrease in the mean ratio to 0.92 by the end of
dialysis. (B) The coefficient of variation (CV) of the means is plotted as
function of test number. Note that the CV is only 3% to 4% for the first
3 values and increases to 6% to 7% for the last values late in dialysis.
(Keu1)2, (Ku)2, and (Keu1)5; (Ku)5 and Rac (Rac2, Rac5)
occurred in the first and last hour of dialysis, respectively.
The ratio (Ku)5/(Ku)2 was .98 + .07, N = 125, and the
ratio (Kecn1)5/(Kecn1)2 was .96 + .04, N = 125. The value
for Rac2 = 3.6% + 4.1%, while Rac5 = 6.4% + 7.6%.
The 2% average drop in Ku most likely reflects a mini-
mal amount of clotting and area loss in the dialyzer. The
average 4% drop in Kecn most likely represents the sum
of decrease in Kcn equivalent to the decrease in Ku plus
a minimal increase in access recirculation later in dialysis
with decrease in Kecn1.
Variability in the six serial measurements of Kecn dur-
ing dialysis is shown in Figure 5. In Figure 5A the mean
and CV of the ratio of each serial value to the first value is
plotted as a function of the serial measurement number.
There is a highly linear fall in Kecn, which accumulates
to −8% over the course of dialysis. The CV of the ratios
also increases in a linear fashion. The CV of the ratios for
measurements 2 and 3 are 3% and 4%, respectively, while
for the fifth and sixth measurement, these values are 6%
and 7%, respectively. The CV of Kecn measurements 1 to
3 early in dialysis indicate a high level of reproducibility
for the Kecn measurement. The increase in CV of the last
2 measurements to 6% to 7% relative to measurement
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1 most likely reflects the effects of variable recirculation
and/or clotting on Kecn, as noted above. The ratio of the
simultaneous Jbu/Jdu values was 0.98 ± .08 (mean ± SD)
used to calculate Keu, which suggests that most of the
variance in the Kecn/Keu1 ratios reflects variance in mea-
surement of Keu1.
DISCUSSION
These data show effective conductivity clearance
(Kecn) measured with a short, asymmetric, high/low
dialysate conductivity profile is equal to effective urea
clearance (Keu) over wide ranges of blood access recircu-
lation and urea clearance (Ku) in a large and unselected
patient population. Mechanisms resulting in previously
reported ratios of obsKecn/Keu < 1.0 can be evaluated
and quantitatively compared with these data using the
relationships modeled in the Appendix.
The obsKecn is believed to accurately reflect the true in
vivo dialyzer KoA, Qbi, and Qdi, and hence, the effects of
clotting and any errors in the nominal KoA for urea, Qbi,
and Qdi will be reflected in both measured urea clearance
and conductivity clearance measured as obsKecn. Further-
more, any mechanism causing a change in blood inlet con-
ductivity during the measurement of conductivity clear-
ance will reduce the local Na diffusion gradient at the
dialyzer inlet and result in a ratio of obsKecn/Ku < 1.0.
The mechanisms operating in this way are access recircu-
lation, cardiopulmonary recirculation, and a third mech-
anism not previously reported and defined here as Rs,
or recirculation through the dialyzer of a change in sys-
temic blood Na and conductivity (CsNa, Cns) during
the measurement of Kecn. The systemic conductivity may
increase or decrease as a result of high rates of Na flux
into or out of blood during Kecn measurement, and effect
a change in the conductivity diffusion gradient across the
dialyzer. As shown in the Appendix through modeling
these relationships, the mechanisms of access and car-
diopulmonary recirculation may be isolated or combined,
but Rs will always induce associated cardiopulmonary re-
circulation. A combination of all three mechanisms may
be expressed and lower the obsKecn/Ku ratio, as depicted
in Figure 2.
Isolated access recirculation is a major pathophysi-
ologic cause of low Kecn (Kecn1) and has identical ef-
fects on Kecn1 and Keu1. With marked access recircula-
tion, the obsKecn/Ku ratio may fall well below .50, but
the obsKecn/Keu1 ratio will remain 1.0 because both are
equally reduced, as shown in Figure 4, for the in vivo
measurements with countercurrent flow and high level
access recirculation (open symbols).
Isolated cardiopulmonary recirculation is usually a rel-
atively minor physiologic cause of low Kecn (Kecn2), and
would be observed when there is a measurement-induced
net change in the conductivity of the dialyzer blood outlet
stream, which is of sufficient magnitude and duration to
result in change in conductivity in the blood access stream
mediated by cardiopulmonary recirculation. There is
always an effect of cardiopulmonary recirculation on
urea clearance (Keu2) because the cardiopulmonary cir-
culation and blood access stream are at steady state with
respect to each other, but the effect is observed only when
urea clearance is corrected to express the effect of car-
diopulmonary recirculation, f (Rcp), on Keu1 using a sys-
temic plasma water urea nitrogen concentration (Csu) in a
blood sample taken 120 seconds after stopping blood flow
to define the urea concentration gradient (see Equations
A11 and A59 and A59b). As shown above, an f (Rcp) ef-
fect was not expressed in the obsKecn measurements made
with the two-step high/low dialysate conductivity profile.
The occurrence of Rs, recirculation through the di-
alyzer of an acute change in systemic conductivity, is
dialysate Na/conductivity profile-dependent, and can be
a major cause of low Kecn because of measurement tech-
nique, but would never be seen in the measurement of Ku,
Keu1, Keu2, or Keu3. As noted previously, the Rs mech-
anism can never operate alone, but will always induce
cardiopulmonary recirculation with combined effects on
obsKecn.
The striking differences in inlet blood water Na con-
centration observed with the baseline/high (Pb/h) and
high/low (Ph/l) dialysate Na profiles shown in Figure 3
were initially quite puzzling. During the baseline/high
profile there is positive sodium flux into blood over the
entire measurement interval. During the high/low profile
segment, blood in the dialyzer and venous bloodline
returning to the patient will have a very high sodium
concentration during the early part of this interval, but
during the latter part of the interval the gradient reverses
and Na moves from blood to dialysate. Thus, over the
entire high/low interval, net Na flux from blood might
be predicted to be substantially less than during the
baseline/high interval and minimize the net change in
CboNa, and hence, CbiNa mediated by cardiopulmonary
recirculation and/or (Rcp + Rs). Keeping the diffusion
interval short and the step functions asymmetrical with
respect to blood Na concentration might be predicted to
be major parameters controlling duration and magnitude
of net flux.
This conjecture was evaluated in vitro using the F80
dialyzer and OLC. Saline was recirculated at 400 mL/min
through the blood compartment and a 10 L reservoir with
single-pass saline dialysate flowing through the dialysate
compartment at 800 mL/min. Conductivity meters were
inserted in the “blood” inlet and outlet lines, and both
were calibrated to calculate blood Na as a function of
conductivity (i.e., CbNa = a + bCnb) over a range of
NaCl concentration 130 to 160 mEq/L. After priming
and equilibrating the system, an automated Kecn mea-
surement was initiated, and conductivity measured in the
inflow and outflow “blood” lines every 20 seconds, and Na
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Fig. 6. The magnitude of Na flux into blood
during baseline/high and high/low dialysate
profile segments measured in vitro. Note that
net flux is 4 times higher with the single
step baseline/high segment compared to the
high/low segment.
concentration calculated. The results of these measure-
ments over the 6-minute Kecn measurement are shown in
Figure 6, in which the Na concentrations in the blood inlet
and outlet streams are plotted and the areas between the
curves (representing total Na flux into the blood compart-
ment) were computed. The net Na flux into blood during
the asymmetric high/low segment was less than one third
that during the baseline/high segment, and corresponds
well with the in vivo changes shown in Figure 3. The mini-
mal net change in CboNa during the high/low profile would
minimize or eliminate the effect of Rs and Rcp, which re-
sults in return of small fractions of the CboNa stream to the
dialyzer blood inlet after mixing in the systemic or car-
diopulmonary circulations, respectively. Because CboNa
changes sign relative to CsNa during the high/low profile,
the net effect of cardiopulmonary recirculation might be
near 0, as can be deduced from the in vivo relationships
of Kecn to Keu1 in Figure 4.
Comparative magnitudes of the effects of systemic salt
loading (Rs), isolated access recirculation (Rac), and
isolated cardiopulmonary recirculation (Rcp)
on Kecn/Ku ratios
Four sets of Kecn3/Ku ratios were calculated with
f (Rac) = 1.00 and f (Rcp) = 0.95 over wide ranges of
CsNa and CdiNa using Equation A53. The results are
plotted in Figure 7A as a function of 0 ≤ CsNa ≤ 2.5 and
CdiNa levels of 10, 15, 20, and 25 mEq/L. Note that the
Kecn/Ku ratio is very sensitive to the change in systemic
Na concentration relative to the induced step function
change in dialysate Na concentration. It can be observed
that a difference in systemic Na of 1 mEq/L results in a
Kecn/Ku ratio of .86 when CdiNa = 10 mEq/L (equivalent
Cns = .10 and Cndi = 1.0 mS/cm), while a ratio of .91
is seen when CdiNa = 25 mEq/L. Clearly, small changes
in systemic Na concentration can have substantial effect
on Kecn. As quantitatively described in Equations A48
to A53, and illustrated in Figure 6, CsNa would be pre-
dicted to be dependent on type of profile, duration of
profile, dialyzer clearance, and patient size. For these rea-
sons it is important to determine ratios of observed Kecn
to Ku, Keu1, Keu2, and Keu3 over wide ranges of Ku and pa-
tient size to determine which mechanisms are reflected in
obsKecn in order to evaluate the suitability of any specific
dialysate profile to measure Kecn in the overall dialysis
patient population.
Two families of curves are depicted in Figure 7B,
showing Kecn1/Ku and Kecn2/Ku ratios. The abscissa
represents either % access recirculation for Kecn1/Ku
or % cardiopulmonary recirculation for Kecn2/Ku. The
plotted Kecn1/Ku ratios were calculated as functions of
percent blood access recirculation using Equation A40
and dialyzer Kcn levels of 100, 200, and 300 mL/min. The
Kecn2/Ku ratios were calculated as a function of percent
cardiopulmonary recirculation expressed as access
flow/cardiac output, Qac/CO, with CO = 5.0 L/min using
Equation A47 with f (Rac) = 1.0, Qf = 0, and dialyzer
Kcn levels of 100, 200, and 300 mL/min. It can be seen in
Figure 7B that access recirculation can result in a wide
range of reduction of Kecn1/Ku, similar to the effects of
combined systemic and cardiopulmonary recirculation
in Figure 7A. In contrast, note in Figure 7B that the
range of clinical effect of isolated cardiopulmonary
recirculation on the ratio of Kecn2/Ku is quite limited.
The average ratio Qac/CO reported by Schneditz [17]
in dialysis patients is 20%, and results in Kecn2/Ku ratios
ranging from 0.94 to 0.98, depending on Kcn. While in
individual patients Qac/CO may be much higher than
20% and may result in obsKecn/Ku ratios well below 0.94
[17], average values of obsKecn/Ku < 0.94 with Rac =
0 reported for an entire population of study patients
would not be consistent with isolated f (Rcp), and should
be considered characteristic of combined f (Rs)•f (Rcp)
effects on the obsKecn if there is no access recirculation.
Although we have not studied a range of dialysate pro-
files, the results reported here, combined with review of
S-12 Gotch et al: Ratio of conductivity to urea clearance
0.70
0.75
0.80
0.85
0.90
0.95
1.00
Ke
cn
3/
Ku
0.0 0.5 1.0 1.5 2.0 2.5
dCsNa, mEq/L
0.75
0.80
0.85
0.90
0.95
1.00
Ke
cn
1/
K,
Ke
cn
2/
Ku
0 10 20 30 40 50
Rac, Rcp, %
dCdiNa10 dCdiNa15 dCdiNa20 dCdiNa25
A
Rac,D100
Rcp,D100
Rac,D200
Rcp,D200
Rac,D300
Rcp,D300
Predicted average
Rcp effect
B
Fig. 7. (A) Ratios of Kecn3/Ku calculated
to express f (Rs)• f (Rcp) with f (Rac) = 1.0
and f (Rcp) = .96 are shown as functions of
∆CsNa and 4 levels of ∆CdiNa. (B) Ratios for
Kecn1/Ku with f (Rcp) = 0 are shown as a func-
tion of percent Rac. Ratios for Kecn2/Ku with
f (Rac) = 0 are also depicted. See text for dis-
cussion.
the literature, indicate a short two-step, high-low, and
asymmetric profile provides acceptable profile geome-
try to eliminate Rs. Studies to better define profile opti-
mization for avoidance of systemic salt loading may be
indicated in the future. For example, double dialyzers or
large surface area dialyzers with high overall permeability
might result in significant salt loading and Rs in relatively
small patients. We have designed but not yet performed
studies with the in vitro system depicted in Figure 8. In
the system illustrated, it would be possible to vary the vol-
umes and flow rates of the cardiopulmonary and systemic
circulations, the dialysance of the dialyzer, dialysate flow
rate and volume of the dialysate loop, and the magnitude
and duration of the dialysate conductivity profiles. Fur-
ther studies with such a system might provide guidelines
for further individualization of the profiles to minimize
Rcp and Rs in individual patients.
Analysis of reported clinical observations using the
modeled effects of Rac, Rcp, and Rs on Kecn and Keu
We can begin with further analysis of our own data
depicted in Figure 3. The observed mean CbiNa with
the Pbl/h measurements was 2.5 mEq/L and resulted in
obsKecn/Keu1 = .83, which was interpreted to reflect effects
of both Rs and Rcp in accordance with f (Rcp)•f (Rs) =
0.83 (see Equations A56 and A56a). Assuming an
average f (Rcp) = .96, we can calculate f (Rs) = 0.83/0.96
= 0.86. Substitution of this value into Equation A48 [i.e.,
0.86 = (1 − Cns/Cndi) with CdiNa = 15 mEq/L] re-
sults in calculated value for CsNa = 2.1 mEq/L. For the
Ph/l data, obsKecn/Keu1 = .97, and if we assume f (Rcp) =
.96, solution for f (Rs) as above shows f (Rs) > 1 and we
can conclude CsNa = 0. These 2 points are plotted as
L1 and L2 (L = literature reference) in Figure 8A, where
reference curves for Kecn3/Ku with f (Rac) = f (Rcp) =
1 are plotted over wide ranges of CsNa and CdiNa. It
is of interest to estimate the total net Na flux into the
systemic circulation for L1 and L2 during Pbl/h and Ph/l.
Assuming an average VeNa 12 L, the net Na flux would be
24 and 0 mEq, respectively. The results of similar calculat
ions are plotted in Figure 8A for several other published
ratios for obsKecn/Keu, and will be discussed below.
Petitclerc et al [2] have reported several studies of
Kecn using a single step function Pbl/h with a single step
∼+1.0 mS/cm. In 1993, they reported mean ratio of con-
ductivity to urea clearance of .90. However, the times at
which blood urea samples were drawn and method of
calculating urea clearance were not described.
In 1995, the same group [3] reported 12 sets of clear-
ance measurements showing obsKecn/Ku = 1.01 ± .07. In
these studies a single step Pbl/h of 1.0 mS/cm was also
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used, and a mean urea clearance over the total dialysis
was calculated from measurement of total dialysate urea
(JduT) and the predialysis and postdialysis blood water
urea concentration (CoU, CtU, respectively) taken from
the arterial fistula catheter immediately before connect-
ing and after disconnecting the bloodlines. The log mean
Cbiu was computed and Ku was calculated (cKu) from
cKu = JduT/t × [(CoU − CtU)/(ln[CoU/CtU])]
(equation 13)
Although this is an excellent conceptual approach to
obtain the true mean urea clearance (mKu) over a com-
plete dialysis, Equation 13 overestimates the mean Cbiu
because the calculated log mean concentration is based
on assumption of a single exponential describing Cbiu dur-
ing dialysis. The double pool nature of urea kinetics is now
well established, and the true mean Cbiu, depending on
the rate of dialysis, can be predicted to be 4% to 8% lower
than that calculated with Equation 13 [abstract; Gotch F,
J Am Soc Nephrol 11:320A, 2000]. Consequently, Equa-
tion 13 results in 4% to 8% underestimation of Ku with
this method, and it is likely that the true obsKecn/Ku ratio
for this data would be in the range of 0.92 to 0.96 and
reflect some combination of Rs, Rcp, and/or Rac effects
on obsKecn (see Equation A53).
This group has more recently reported [4] a ratio of
obsKecn/Ku of .95 ± .06, N = 88, over a Ku range 100
to 225 mL/min using a single step Pbl/h with Cndi =
1.0. However, the ratio reported for obsKecn/Ku was
only 0.90 at higher Ku levels in the range of 150 to 225
mL/min. In this study, Keu1 was not measured, so some
degree of access recirculation cannot be completely
excluded. However, a decreasing obsKecn/Ku ratio with
increasing Ku strongly suggests significant salt loading,
resulting in the expression of f (Rs)•f (Rcp) in obsKecn at
the higher Ku levels, as predicted by Equation A55a. In
that case, assuming f (Rac) = 1.0, we can write obsKecn/
Ku = f (Rcp)•f (Rs) = 0.90 in accordance with Equation
A55a. Assuming an average f (Rcp) of .96, solution of
Equation A55a shows f (Rs) = .94. This value, substituted
into Equation 48 with CbiNa = 10, results in CsNa =
.6 mEq/L. The result of this analysis is plotted as point
L3 in Figure 8A. The estimated net Na flux required
during the measurement with assumed average VeNa 12
L would be only 7.2 mEq. It can also be noted that the
calculated CsNa of 0.6 occurred at relatively low Ku
levels, 150 to 225 mL/min, using the Pbl/h. As shown in
Figure 4, most of our Keu levels were in the range of 250
to 300 mL/min and CsNa = 0 using Ph/l, which further
illustrates the strong profile dependence of Rs.
Lindsay [8] has recently reported 192 simultaneous
measurements of obsKecn and Ku using a single step Pbl/h
profile of +1.0 mS/cm combined with measurements of
access recirculation by ultrasound. None of the patients
had Rac by ultrasound measurements so f (Rac) = 1.00.
Blood flow was varied from 200 to 450 mL/min, resulting
in wide ranges of Ku and obsKecn (175 to 300 mL/min).
They found the ratio of obsKecn/Ku decreased as Ku
increased, but that this effect could be largely eliminated
after an arbitrary correction of all obsKecn values (cKecn)
to mathematically remove the effect of f (Rcp). Their
calculations were identical to those in Equation A47
using mean values of 6.8 and 1.5 L/min for CO and Qac,
respectively (Qac/CO = .22), and the measured f (Rac) =
1 with the assumption that f (Rs) = 1.0. They concluded
from this that the obsKecn measured with their technique
reflected isolated Rcp effect, and the data clearly support
that conclusion because the average correction increased
the corrected obsKecn/Ku ratio to unity with realistic cor-
rections for f (Rcp). Thus, it can be predicted that CsNa =
0 in these data, and is plotted as point L4 in Figure 8A.
Although there were a large number of measurements,
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the generalizability of the measurement method may be
open to some question because only eight patients were
studied, and the range of pat ient size, which is an impor-
tant consideration with respect to occurrence of Cns
and Rs (see Equations A50 and A51), was not described.
It might be inferred from the mean CO 6.8 L and Qac
1.5 L observed in the eight patients that they were
relatively large individuals and less susceptible to Cns
and Rs.
Locatelli [5] reported simultaneous urea and conduc-
tivity clearances in four sets of data in 1993 using a single
step Pbl/h of +1.0 mS/cm. Dialyzer urea flux was calcu-
lated from simultaneously measured blood water inlet
and outlet urea concentrations, inlet blood water flow
rate, and ultrafiltration rate. Effective urea clearance was
computed using a systemic blood water urea sample taken
120′′ after decreasing blood flow to 100 mL/min (Csu), so
this data would include the effects of both Rac and Rcp
on Ku (i.e., Keu3). The ratio reported for obsKecn/Keu3 was
0.86 ± .03. The authors postulated this low ratio might be
caused by the anatomic distribution of blood Na in plasma
water, and hence, clearance from only plasma, rather than
total blood water, as in the case of urea. This explanation
is not supported by the direct measurements of Na os-
motic distribution volume in blood equal to total blood
water shown in Figure 3A. Because the effects of both
Rac and Rcp are accounted for in measured obsKecn and
Keu3, it must be concluded that obsKecn/Keu3 = f (Rs), as
in Equation A58a. Thus, from f (Rs) = 0.86 and CdiNa =
10 mEq/L, we can solve Equation A51 to calculate
CsNa = 1.4 mEq/L, which is plotted as point L5 in
Figure 8A.
Manzoni [6] reported eight studies on CA210 dialyz-
ers in 1996 using a single step Pbl/h dialysate profile of
+1.0 mS/cm. The Ku was calculated from Equation 13,
but postdialysis BUN was taken 3 minutes after reducing
the blood pump to 50 mL/min. This measurement would
in theory reflect the effects of both Rac and Rcp on Ctu
and approximate a value for Keu3 (although it would not
reflect the double pool effect on the log mean concentra-
tion). The ratio of obsKecn/Keu3 = .89 and must be inter-
preted in accordance with Equation A58a, obsKecn/Keu3 =
f (Rs) = .89. Solution of Equation A51 with CdiNa
10 mEq/L shows CsNa = 1.1 mEq/L, plotted as L6 in
Figure 8A.
Di Filippo et al [7] have recently reported a large body
of very interesting data comparing conductivity and urea
clearances using a system with three dialysate profile
segments shown schematically in Figure 9, where it is
compared to the system used in our study. The Di Filippo
system had much longer profile development times, eight
minutes per segment compared with 2 to 3 minutes per
segment with a total test time of about 24 minutes com-
pared with 4 to 6 minutes for our system, and in their sys-
tem the high/low segments were symmetrical (i.e., +8%
and −8% of baseline). The device calculated obsKecn ex-
actly as in Equation 7 from each of the four sequential
profile (P) segments, as depicted in Figure 12: Pbl/h →
KecnP1; Ph/L → KecnP2; Pl/bl (low/baseline) → KecnP3; and
over two segments, baseline/low or Pbl/L → KecnP4. They
measured Ku at the end of the P3 interval from dialysate
side flux divided by Cbiu.
Thermal dilution was used (18) immediately after each
set of conductivity and urea clearances to measure the
sum of Rac and Rcp (total recirculation, Rt) calculated
from a step function decrease in dialysate inlet tempera-
ture (Tdi). When Rt is defined as an analog of Rac as in
Equation 4, the step function change in Tdi results in
Tbi1 = Ts1(1 − Rt) + Tbo1(Rt)
Tbi2 = Ts2(1 − Rt) + Tbo2(Rt)
where Ts is systemic blood temperature, which is assumed
to stay constant, so we can write
Rt = (Tbi1 − Tbi2)/(Tbo1 − Tbo2)
(equation 14)
The Rt calculated from thermal dilution in Equation 14
is an exact mathematic analog of Rac in Equation 4, but,
as the authors noted, it physically represents the summed
effects of Rac and Rcp. It was assumed that Rt < 10% rep-
resented isolated Rcp and values of Rt > 10% represented
some combination of Rac and Rcp.
The investigators hypothesized that both access re-
circulation and cardiopulmonary recirculation, (f (Rac)•
f (Rcp), were expressed in the observed Kecn clearances,
KecnP1 to KecnP4, calculated with Equation 7. They at-
tempted to verify this by an ingenious series of calcu-
lations based on Rt and consideration of Na/conductivity
mass balance across the dialyzer to estimate the change
in Cnbi mediated by cardiopulmonary recirculation dur-
ing the measurement. The calculations were believed
to mathematically quantify and eliminate the effect of
f (Rcp) on obsKecn (i.e., calculate a value for Kecn1, cKecn1,
in which only f (Rac) was expressed).
They also corrected Ku using Rt and Equation A13
to calculate a value (cKeu1) for effective urea clearance
(dialysance actually) in which f (Rac) would be expressed,
and thus, would be analogous to Keu1 in our terminology
[their BUN sampling procedure precluded direct obser-
vation of f (Rac) and f (Rcp) effects on Keu]. If it could be
shown that cKecn1 = cKeu1, they would have proven the
hypothesis that the obsKecn measured with their device
expressed both f (Rac) and f (Rcp), while neither were ex-
pressed in Ku. Their hypothesis can be described formally
in the notation developed here as
obsKecn/Ku = f (Rac) • ( f Rcp)/1  1.0
(equation 15)
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Fig. 9. (A) The isolated effect of f (Rs) on
Kecn/Ku ratios expressed in Na concentra-
tion units and (B) conductivity units. The data
plotted comprise 2 values calculated from Fig-
ure 2, and 8 values calculated from analy-
sis of literature data. The analyses show that
the obsKecn/Ku ratio is frequently lowered
through the technical mechanism, consisting
of recirculation of a change in systemic blood
Na during measurement f (Rs). See text for
discussion of these data.
The use of the thermal dilution Rt correction was be-
lieved to result in expression of f (Rac) in Ku, and to elim-
inate f (Rcp) from obsKecn, and thus, they would show
cKecn1/cKeu1 = f (Rac)/ f (Rac) = 1.00
(equation 16)
The observed ratios for KecnP1/cKeu1 and KecnP2/Keu1
were indeed much less than 1, while the ratios for
KecnP3/cKeu1 and KecnP4/cKeu1 were nearly equal to 1.00,
which they interpreted to show that there was a car-
diopulmonary recirculation effect expressed in KecnP1
and KecnP2, but not in KecnP3 and KecnP4. Furthermore,
all of the calculated values for cKecn1/cKeu1 approached
unity, which appeared to confirm the hypothesis and to
show the calculations did correctly remove the effect of
cardiopulmonary recirculation in KecnP1 and KecnP2. Thus,
the investigators concluded they had satisfied the condi-
tions postulated in Equations 15 and 16 and proven the
hypothesis.
The values for the ratios of obsKecn/cKeu1 are de-
picted in Figure 11A, where solution of Equation A47 for
Kecn2/Keu1 is also plotted over a wide range of Qac/CO
with CO 5.0 L/min and Kcn levels of 180 and 220,
which bracket the authors’ observed values of obsKecn. If
the obsKecn/cKeu1 ratios represented isolated cardiopul-
monary recirculation as postulated by the authors and de-
scribed in Equation 16, the loci of the mean points would
be expected to fit in the modeled band bounded by 160 <
Kcn < 220. The ratios obsKecn/cKeu1 for P1 and P2 were
0.88 and 0.93, respectively, while for P3 and P4 these val-
ues were 0.96 and 0.97. Schneditz [18] has shown in a study
population that a mean Qac/CO of .20 can be reliably used
to estimate average Rcp effects. As shown in Figure 10A,
the values observed for P1 and P2 would require mean
Qac/CO ratios of .78 and .62, far beyond the range of re-
alistic levels. However, the ratios for cKecn1/cKeu1 were
in the range of .96 to .97 for all four profile segments, as
shown in Figure 11B. The investigators thus concluded
that the sharply decreased Kecn/cKeu1 ratios of 0.88 and
0.93 observed with P1 and P2 were caused by Rcp ef-
fect, which was absent in the measurements P3 and P4,
and successfully eliminated mathematically in all of the
cKecn1/cKeu1 ratios (cPi, cP2, cP3, cP4) as predicted by
the authors and depicted in Figure 10B.
These important data constitute the first published
observations providing clear evidence of dialysate con-
ductivity profile-dependent effects on obsKecn/Ku ratios.
However, we do not believe the ratios for P1 to P4
and cP1 to cP4 in Figure 11A and B reflect the iso-
lated effect of cardiopulmonary recirculation as postu-
lated by the authors. This conclusion was based on the
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reported by Di Filippo [7]. See text for discussion of panels (A–D).
interpretation of the results obtained with thermal dilu-
tion, as described above. The value reported for mean
effective urea clearance, interpreted by the authors to
express isolated f (Rac) effect and termed above as cKeu1,
was calculated by correcting Ku with Rt using Equa-
tion A13, irrespective of the level of Rt. We calculated
the mean value for Rt (mRt) in the reported data by
solving Equation A13 for mRt (which is a direct analog
of Rac) using the mean values that were reported for Ku,
cKeu1, and Qbi, and found mRt = 9%. Because values
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of Rt <10% with thermal dilution are considered to rep-
resent only Rcp, there could not have been a significant
level of Rac in this data. Therefore, the correction of Ku
using Rt and Equation A14 resulted in a correction of Ku
to express the isolated effect of Rcp on Ku (cKeu2) rather
than the effect of Rac (cKecn1), as concluded by the au-
thors. In other words, the correction of Ku with thermal
dilution resulted in calculation of a value for urea clear-
ance reflecting f (Rcp) rather than one reflecting f (Rac).
Further, because there was negligible Rac, the correction
they made to obsKecn by adjusting the inlet blood conduc-
tivity from mass balance actually eliminated the effect of
cardiopulmonary recirculation, and would be expected
to return a value for calculated Kcn (cKcn) rather than
cKeu1. In view of these considerations we believe more
appropriate analysis of the data would be an examina-
tion of the ratios obsKecn/Ku and calculated cKcn/Ku. The
mean observed Ku was 213 mL/min, and the mean cKcn
was 190 with mean cKcn/Ku = .90. We calculated mean
obsKecn/Ku ratios for each of the four profile segments
and found 0.82, 0.87, 0.90, and 0.91, which are plotted
in Figure 11C, where they are denoted as P1′, P2′, P3′,
and P4′, respectively. It can be noted that all of the P1′ to
P4′ ratios lay beyond the domain of reasonable average
clinical ratios of Qac/CO, and hence, could not represent
isolated Rcp. Because it can be deduced there could not
have been a significant level of Rac in the data analyzed,
the ratios in Figure 11B must represent combined effects
of Rcp and Rs on obsKecn caused by substantial salt load-
ing, which was maximal in the P1′ and P2′ profiles. It can
be concluded that f (Rcp)•f (Rs) are expressed in obsKecn
in accordance with Equation A55a, and the correct inter-
pretation of the obsKecn/Ku ratio is
f (Rcp) • f (Rs) = obsKecn/Ku (see Equation A55a)
(equation 17)
which can be also expressed in terms of the exact
mathematic functions describing the recirculating flow
streams as
obsKecn/Ku = [1/[(1 + Kcn/(CO − Qac))/
(1 + Qf/(CO − Qac))]] • [1 − Cns/Cndi]
(equation 18)
We also calculated ratios for cKcn/Ku from the values
reported by the authors after correction with thermal di-
lution. These values are denoted as cP1′, cP2′, cP3′, and
cP4′ in Figure 14B, where they can all be seen to approxi-
mate .89 to .90, still well below unity. The meaning of the
ratios in Figure 11C and D can be further explored by sep-
aration of f (Rcp) from f (Rs) in Equations 17 and 18. We
can first calculate an average value for f (Rcp) by solving
for this term using the values CO = 5.0 L, Qac/CO = .20,
and the known mKu = .213 L/min. This calculation yields
an average value for f (Rcp) = 0.95. Estimates for f (Rs)
can now be made for each of the observed mean values
P1′ to P4′ by solving Equation 18 for f (Rs) using the ob-
served obsKecn/Ku values and f (Rcp) = .95. The Cns for
each point can then be estimated by solving Equation
A51 for Cns with Cndi = 1.0 and the values calculated
for f (Rs). The results of these calculations are shown in
Figure 8B as P1′, P2′, P3′, and P4′. The results are ex-
pressed in conductivity units in Figure 8B and in approx-
imate Na concentration units as defined above for Figure
8A. As noted above, in both panels, solutions for Kecn3/Ku
using Equation A52 (with f (Rac) = 1 and f (Rcp) = 1) are
plotted over a range of Cns, Cndi (0 to 0.3), (0 to 3.0),
respectively, and for CbiNa, CdiNa (1.0 to 2.4) and (10
to 24), respectively. In panel A, striking changes in CsNa
of 2.1 and 2.6 mEq/L were calculated for P1′ and P2′, re-
spectively. However, the f (Rs) effect was substantially
less in P2′ because the ratio CsNa/CdiNa was lower.
The CsNa was much less in P3 and P4, in the range of
.6 to .8 mEq/L. It can be seen that our results for Pbl/h,
point L1, are very similar to the values calculated for P1′
and P2′ in the DiFilippo data. In our small subset of Ph/l
data there are 0 CsNa after correcting for Rcp and, as
discussed above and shown in Figures 7 and 8, there was
no Rcp effect in the overall data.
The large salt loading effects apparent in P1′, P2′, and
persistence of lesser effects in the P3′, P4′ profiles are con-
sistent with the very long duration of the profile segments
depicted in Figure 9 and the symmetrical shape of the pro-
files. As shown in Equations 50 and 51, the duration of the
dialysate to blood Na gradient is predicted to be an im-
portant determinant of the amount of Na flux into or out
of blood, as well as the symmetry of the high/low profile
(Fig. 9).
CONCLUSION
We believe the data reported here, as well as the anal-
yses of previously reported studies, validate the modeled
relationships among access recirculation, cardiopul-
monary recirculation, and salt loading with systemic
recirculation, and extend the initial observations of Di
Fillipo, showing that measured conductivity clearance
is strongly dialysate conductivity profile-dependent.
It is hoped that the urea and conductivity clearance
relationships modeled and clinically validated will be
helpful to guide the design and interpretation of studies
of conductivity clearance.
DEFINITION OF TERMS
It is implicit in the following notation that all units of mass flow and
time are compatible (i.e., mass/mL, mL/min, or mass/L, L/min).
Cac: concentration in total blood water flow in the blood
access stream measured in a sample taken from dialyzer
inflow blood stream 15 seconds after reducing blood
pump to 70 mL/min to eliminate any effect of access
recirculation.
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Cbi, Cbo: concentration in total blood water in samples taken
at the dialyzer blood inlet and outlet ports with
blood pump running and considered identical to
Cou, Ctu: predialysis BUN and postdialysis BUN drawn 15
seconds after slowing blood pump
Cdi, Cdo: solute concentration in inlet and outlet dialysate
streams
Cndi, Cndo: conductivity of inlet and outlet dialysate, mS/cm
Cpi, Cpo: solute concentration in dialyzer inlet and outlet
plasma water
CbiNa: any change in blood inlet Na associated with
changes induced in CdiNa during measurement of
conductivity clearance
CdiNa, CdoNa: step function changes in dialysate inlet and out-
let Na concentrations during measurement of Na
clearance
Cn: conductivity, mS/cm, in various streams identified
by subscripts
Cnbi, Cnbo: changes in conductivity of dialyzer blood inlet and
outlet streams during measurement of effective Cn
clearance, Kecn
Cndi, Cndo: conductivity of dialysate inlet and outlet streams
Cndi, Cndo: step function changes in dialysate inlet and outlet
conductivity during measurement of conductivity
clearance
Cnso, Cnst: conductivity in systemic blood immediately before
and after a measurement of Kecn.
Cns: Cnso − Cnst
Csu: steady state urea concentration in systemic blood
water observed in sample taken from dialyzer in-
flow blood stream 120 seconds after reducing blood
flow to 70 mL/min and bypassing dialysate flow
D: dialysance with various subscripts as defined for
clearance below
Flux: solute transferred per unit time (J) across the dia-
lyzer from blood into dialysate variably expressed
in units of mass and conductivity
f (Jdcn)/Vecn): the mathematical function defining the isolated ef-
fect on conductivity clearance of change in sys-
temic blood conductivity due to salt loading during
measurement (see Equation A53)
f (Rac): denotes the mathematical function defining the iso-
lated effect of access recirculation on urea and con-
ductivity clearances (see Equation A43)
f (Rcp): denotes the mathematical function defining the iso-
lated effect of cardiopulmonary recirculation on
urea and conductivity clearances (see Equation
A49)
f (Rs): denotes the mathematical function defining the re-
circulation through the dialyzer of a change in Cns
due to salt loading during obsKecn measurement,
synonymous with f (Jdcn)/Vecn)
Jb: rate of solute flux in blood water across the blood
compartment of the dialyzer
Jd: rate of solute flux cross the dialysate compartment
K: clearance (see derivation from Dialysance in
Appendix)
Kcn: conductivity clearance defined as Jdcn/(Cnbi −
Cndi), is determined by the in vivo KoANa, Qbi
and Qdi, but it cannot be explicitly measured be-
cause Cnbi is not measured. However, it is equal to
Ku so it can be expressed as its exact analog, Ku.
Kecn: effective conductivity clearance in vivo reflecting
one or more of the several mechanisms described
below which result in Kecn/Kcn > 1.0.
Kecn1: effective conductivity clearance reflecting the iso-
lated effect of blood access recirculation on Kcn
and is defined as
Kecn1: Kcn• (f Rac)
Kecn2: effective conductivity clearance reflecting the iso-
lated effect of cardio-pulmonary recirculation on
Kecn1 and defined as
Kecn2: Kcn1•(f Rcp) and
Kecn2/Kcn: f (Rac)•f (Rcp)
Kecn3: effective conductivity clearance reflecting the
isolated effect of Rs on Kecn2 and defined as
Kecn3: Kcn2•f (Rs) and
Kecn3/Kcn: f (Rac) •f (Rcp) •f (Rs)
KNa: sodium clearance defined as JdNa/(CbiNa −
CdiNa), is determined by the in vivo KoANa,
Qbi, and Qdi, and considered identical to Kcn.
KeNa1, KeNa2, and KeNa3 are exact analogs of Kecn1,
Kecn2, and Kecn3.
KoA: solute specific dialyzer membrane area-overall
permeability product, a transport constant to
calculate K from Qb and Qd.
Ku: urea clearance defined as Jdu/Cbiu, determined
by in vivo KoAu, Qbi, and Qdi, and is consid-
ered identical to Kcn.
Keu: effective in vivo urea clearance reflecting one
or more of the mechanisms described below
and result in Keu/Ku > 1.0.
Keu1: effective urea clearance reflecting the isolated
effect of blood access recirculation on Ku and
is defined as
Keu1: Ku•f (Rac) = Kecn1
Keu2: effective urea clearance reflecting the isolated
effect of cardio-pulmonary recirculation on
Keu1 and defined as
Keu2: Keu1•(f Rcp) = Kecn2
Keu3: effective urea clearance reflecting the com-
bined effects of access and cardio-pulmonary
recirculation on Ku and defined as
Keu3/Ku: f Rac)•(f Rcp) = Kecn2/Kcn
L: literature reference
Na: sodium, mEq
Q: volumetric flow rate
Qwbi, Qwbi: whole blood dialyzer inlet and outlet flow rates
Qbi, Qbo: blood water inlet and outlet flow rates
Qdi, Qdo: dialysate inlet and outlet flow rates
Qf: ultrafiltration rate
QosmNa: calculated flow rate of the osmotic distribution
volume for Na in blood water during diffusive
Na flux across the dialyzer
Qp: plasma water flow rate
Rac: blood access recirculation (see mathematical
definition in Appendix)
Rcp: cardiopulmonary recirculation (see mathemat-
ical definition in Appendix)
Rs: recirculation of a measurement induced
change in CsNa or Cns through the dialyzer
(see mathematical definition in Appendix)
u: urea
APPENDIX
The ratio of conductivity clearance to urea clearance is determined
by three mechanisms. Two of these, blood access recirculation (Rac) and
cardiopulmonary recirculation (Rcp), are widely recognized. We de-
scribe here a third mechanism resulting from sufficient total net Na flux
into the blood during measurement of Kcn to increase systemic blood
conductivity (Cns), which recirculates through the dialyzer (Rs) and re-
duces the Na diffusion gradient in the dialyzer. The three recirculation
streams are schematically depicted in Figure 2. They become admixed at
the junction of access outflow with the venous circulation, and the con-
joined effects on clearance occur in the access and dialyzer blood inlet
streams. We have modeled the separate and combined effects of these
mechanisms on conductivity and urea dialysance and clearance using
mathematic relationships derived from five basic dialyzer solute trans-
port and mass balance equations, and analysis of mass balance between
the systemic and cardiopulmonary circulation. Many of the modeling
equations derived and enumerated below are expressed both in terms of
the recirculating flow stream interactions and in terms of concentration
relationships under the same equation number to, hopefully, increase
clarity of presentation of the concepts.
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Solute flux in the blood water stream flowing across the dialyzer
blood compartment can be described as [13]
Jb = D[1 − (Qff/Qbi)][Cbi − Cdi] + QfCbi
(equation A1)
where Jb is the rate of solute flux in or out of the blood water stream.
In Equation A1, Jb is calculated from the solute transport mechanisms
as the sum of diffusive and convective transport [13]. The first term is
diffusive and the product of the diffusive transport constant dialysance,
or D, and the concentration gradient between blood and dialysate. The
second term is convective and is the product of ultrafiltration rate and
inlet blood water solute concentration.
Jb can also be defined from mass balance across the blood compart-
ment in accordance with
Jb = (Cbi − Cbo)Qbi + Cbo • Qf
(equation A2)
Solute flux can similarly be described from mass balance across the
dialysate compartment,
Jd = (Cdo − Cdi)Qdi + Cdo • Qf (equation A3)
Conservation of mass requires that flux from the blood stream equal
flux into the dialysate stream, so we can write
Jb = Jd (equation A4)
As shown in Equation A1, D is a purely diffusive transport constant,
while dialyzer urea and Na clearances (Ku, KNa) represent the sum of
diffusive and convective transport rate. The relationship of D to K is
defined here as
K = D(1 − Qf/Qbi) + Qf (equation A5)
The relative contributions of diffusive and convective transport are
very different for urea and Na. In the case of urea, Cdiu = 0, and we
write
Jbu = [Du(1 − Qf/Qbi) + Qf]Cbiu = Ku • Cbiu
(equation A6)
and because Du is very large in modern dialyzers relative to Qf and Qbi,
nearly all transport is diffusive.
In the case of Na where CdiNa is not 0 we write
JbNa = DNa(1 − Qf/Qbi)(CbiNa − CdiNa) + Qf(CbiNa)
(equation A7)
During normal dialysis nearly all Na transport is convective because
the gradient (CbiNa − CdiNa) is close to 0 and, even with an induced
gradient of 10 to 20 mEq/L, convection will still be a very substantial
fraction of total flux. Because of these large differences in the relative
magnitudes of diffusive and convective transport for urea and Na, the
effects of access recirculation on effective dialysances (Deu, DeNa, and
Decn) and effective clearances with ultrafiltration (Keu, KeNa, and Kecn)
were all mathematically derived so they could be rigorously compared.
Derivations of Kecn and Decn have been reported previously [2, 10], but
derivations with ultrafiltration for both urea and conductivity clearances
have not been reported to our knowledge. The effects of combined
access recirculation (Rac) and cardiopulmonary recirculation (Rcp) on
urea clearance have been previously derived [17], but the combined
effects of Rac, Rcp, and salt loading on conductivity clearance have not
previously been described.
The effective urea clearances (Keu)
The effective clearance concept is of crucial importance for calcu-
lating and or predicting the amount of solute that will be removed by
any dialyzer and treatment schedule. Clearance (K) as defined here
is a first order proportionality constant between the amount of solute
transferred per unit time (flux, J) and the concentration driving force
between the inlet blood and dialysate (Cbi − Cdi). In the case of urea,
Cdiu = 0 so we write
Ku = Ju/Cbiu (equation A8)
The actual instantaneous flux Ju is always determined by the driving
force at the dialyzer inlet, but the local Cbiu may not represent urea con-
centration elsewhere in the blood circulation. Because the effectiveness
of a dialysis treatment is determined by the amount of urea removed
from the total body water, kinetic modeling of urea removal from total
body water requires that we define an effective clearance (Keu) as flux
divided by the concentration in systemic blood rather than at the inlet
of the dialyzer, i.e.,
Keu = Ju/Csu (equation A9)
Two mechanisms may act in concert to lower Cbiu relative to Csu
and consist of blood access recirculation (Rac) and cardiopulmonary
recirculation (Rcp), which gives rise to 3 definitions of effective urea
clearance. The first mechanism is Rac and its relationship to Ku is, by
definition,
Keu1(Cacu) = Ku(Cbiu)
or
Keu1/Ku = (Cbiu/Cacu) = f (Rac)
and
Keu1 = Ku • f (Rac)
(equation A10)
Note that f (Rac) denotes the mathematic function relating Keu1 to Ku.
The second mechanism is Rcp, which effects a change in Cacu relative
to Csu, which we can write as
Keu2(Csu) = Keu1(Cacu)
or
Keu2/Keu1 = Cacu/Csu = f (Rcp)
and
Keu2 = Keu1 f (Rcp)
(equation A11)
Note that f (Rcp) denotes the mathematic relationship of Keu2 to
Keu1. We must also consider a third definition, Keu3, to describe the
combined effects of Keu1 and Keu2 on Ku. Substitute Equation A10
into A11 to show
Keu2/Keu1 = Keu2/(Ku • f (Rac))
= f (Rcp) • f (Rac) = Keu3/Ku
or
Keu3/Ku = (Cacu/Csu) • (Cbiu/Cacu) = Cbiu/Csu
(equation A12)
Equations A10 to A12 give the definitions of Ku, Keu1, Keu2, and
Keu3 in terms of urea concentrations in the three segments of the circu-
lation. Mathematic descriptions of the interacting flow streams deter-
mining these three concentrations can now be derived.
The effect of isolated access recirculation (Rac)
on effective urea dialysance (Deu1/Du) and
clearance (Keu1/Ku)
In the event of blood access recirculation, some fraction of dialyzed
blood with low urea concentration is recirculated from the blood out-
let back to the dialyzer blood inlet stream so that Cbiu < Cacu. The
quantitative relationships between Cbiu/Cacu, Du and Deu1, and access
recirculation (Rac) were derived many years ago [14],
Deu1/Du = (1 − Rac)/(1 − Rac(1 − Du/Qbi))
(equation A13)
but the relationship Keu1/Ku (diffusive plus convective flux) and ac-
cess recirculation have not been formally reported to our knowledge.
Quantification of Keu1/Ku relative to the magnitude of recirculation
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requires that we first define Cbiu/Cacu as a function of the fraction of
dialyzer blood flow that is recirculating. The fractional recirculation can
be defined by a dimensionless parameter, Rac, in accordance with
Rac = Qr/Qbi (equation A14)
where Qr is the flow rate of dialyzed blood water recirculating from
dialyzer blood outlet back to the blood inlet stream. Mass balance for
any solute across the arterial fistula needle with access recirculation and
ultrafiltration can then be written as
(1 − Rac)Qbi • Cacu + Rac(Qbi)Cbou = Cbiu • Qbi
(equation A15)
Solution of Equation A15 for Cbou results in
Cbou = (Cbiu − (1 − Rac)(Cacu)/Rac
(equation A16)
We can also define Cbou in terms of Ku, Qbi, Qf, and Cbiu. Combi-
nation of Equations A1 and A5 and solution for Cbou results in
Cbou = Cbiu(Qbi − Ku)/(Qbi − Qf)
(equation A17)
Combine Equations A15, A16, and A17, and solve for Cbiu/Cacu
Cbiu/Cacu = (1 − Rac)/[1 − Rac(1
− Ku/Qbi)/(1 − Qf/Qbi))]
(equation A18)
Combine Equation A18 with A10 to show
Keu1/Ku = [1 − Rac]/[1 − Rac((1 − Ku/Qbi)/(1 − Qf/Qbi))]
= f (Rac)
and
Keu1 = Ku • f (Rac) = Ku • (Cbiu/Cacu)
(equation A19)
Note that when Qf = 0, Equation A19 reduces to A13, and demon-
strates that the relationships of Keu1/Ku and Deu1/Du to access recir-
culation are virtually identical with and without ultrafiltration.
The effect of cardiopulmonary recirculation (Rcp) on
urea dialysance (Deu2)/Du1) and clearance (Keu2/Keu1)
In recent years it has been recognized that urea concentration in the
blood access (Cacu) provided by a graft or arterial venous fistula is lower
than the systemic urea concentration (Csu) because arterial blood is an
admixture of undialyzed systemic blood and dialyzed blood returning
to the heart from the access [17]. In this case, Keu2 is defined relative
to Keu1 and Csu, which is the systemic urea concentration drawn 120
seconds after stopping the blood pump, and is reduced relative to Keu1
in proportion with the ratio Cacu/Csu as shown in Equation A11. The
magnitude of decrease in the ratio Cacu/Csu can be evaluated from mass
balance across the heart:
Solute flow into heart = Solute flow out of heart
(CO − Qc)Csu + (Qac − Qbi)Cacu + (Qbi − Qf)Cbou
= CO(Cacu)
(equation A20)
where CO is cardiac output, Qac is access blood water flow rate, Qbi
and Qbo are blood water flow rates into and out of the dialyzer, Cacu
is the concentration of urea in the access flow stream and is equal to
arterial urea concentration and Cbiu if there is no access recirculation,
Cbou is blood water urea concentration in the dialyzer outflow blood
stream. Substitution of Cacu for Cbiu in the combination of Equations
A1, A2, and A5, and solution for Qbo(Qbi − Qf) results in
Cbou(Qbi − Qf) = Cacu(Qbi − Ku)
(equation A21)
Substitute Equation A21 into Equation A20 and solve for Cacu/Csu
Cacu/Csu = (CO − Qac)/(CO − Qac + Kcn)
(equation A22)
Simplify A22 and combine with Equation A12 to show
Keu2/Keu1 = Cacu/Csu
= 1/[1 + Ku/(CO − Qac)] = f (Rcp)
(equation A23)
In Equation A23 Keu2 represents the isolated effect of f (Rcp) on
Keu1.
The combined effects of f (Rac) and f (Rcp)
on Ku (Keu3/Ku)
As derived above, Keu2 denotes the isolated effect of f (Rcp) on Keu1.
It is useful to define the combined effects of Rac and Rcp on Ku as
Keu3, which is described above in Equation 12 and can be restated here
in terms of the concentration ratios and in terms of the mathematic
functions in accordance with
Keu3/Ku = f (Rac) • f (Rcp)
= (Cbiu/Cacu) • (Cacu/Csu)
= Cbiu/Csu (equation A24)
or
Keu3/Ku = [(1 − Rac)/(1 − Rac((1 − Ku/Qbi)/
(1 − Qf/Qbi))]
• [1/[1 + Ku/(CO − Qac)]]
and
Keu3 = Ku • [(1 − Rac)/(1 − Rac((1 − Ku/Qbi)/
(1 − Qf/Qbi))]
• [1/[1 + Ku/(CO − Qac)]]
The three forms of Equation A24 show that the combined effect of
f (Rac) and f (Rcp) on Ku is the product of the two individual functions.
The multiplicative expression of these combined mechanisms on Ku has
previously been derived by Schneditz [17]. The studies reported here
were designed so we could measure and compare all four indices of
urea clearance, Ku, Keu1, Keu2, and Keu3, to simultaneously measured
Kecn. Because Kcn cannot be explicitly measured, the effects of f (Rac)
and f (Rcp) on the observed Kecn (obsKecn) can only be evaluated by
comparison of obsKecn to the urea clearance analogs (Ku, Keu1, Keu2,
and Keu3). Analytic equations for comparisons will be developed below.
Measurement and calculation of Na clearance (KNa)
and effective Na clearance (KeNa) with a step
function change in Cdina
As noted above, the blood-to-dialysate Na gradient during routine
dialysis is much too small, usually in the range of 0 to 5 mEq/L, for
reliable measurement of DNa and KNa. Furthermore, it is highly desir-
able to measure effective Na clearance (KeNa) as a surrogate for Keu
without the necessity of measuring blood Na.
The method to measure DeNa without blood samples was first de-
scribed by Polaschegg and consisted of inducing transient, sequential
positive and negative blood to dialysate Na concentration gradients
by abruptly increasing and then decreasing dialysate inlet Na concen-
tration [10]. A different technique described by Peticlerc at about the
same time consisted of a single step function increase in dialysate in-
let Na [2]. These investigators used conductivity as a surrogate for Na,
but the rationale for this method is most clearly shown by considering
the Na equations first, which represent the solute actually transferred.
In the following development CdiNa1 and CdiNa2 represent the sequen-
tial steady state dialysate inlet Na concentrations at the beginning and
end of any step function interval (see Fig. 2). The notation CdoNa1 and
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CdoNa2 represent the sequential steady state dialysate outlet Na concen-
trations corresponding in time with the steady state CdiNa1 and CdiNa2.
The terms CbiNa1, CbiNa2, CboNa1, and CboNa2 represent sequential Na
concentrations in dialyzer inlet and outlet blood water streams corre-
sponding in time with the steady states for CdiNa1, CdoNa1, and CdiNa2,
CdoNa2, respectively.
When steady state is reached for both CdiNa1 and CdoNa1, flux be-
tween blood and dialysate must be constant, and therefore JbNa1 =
JdNa1. Similarly, for the second steady state CdiNa2, CdoNa2, we know
JbNa2 = JdNa2. For each of these two steady states we can substitute
Equation A5 into Equation A1 and subtract Equation A3 from Equa-
tion A1 to show
0 = (KNa − Qf)(CbiNa1 − CdiNa1) − (CdoNa1 − CdiNa1)Qd
+ (CbiNa1 − CdoNa1)Q (equation A25)
and
0 = (KNa − Qf)(CbiNa2 − CdiNa2) − (CdoNa2 − CdiNa2)Qd
+ (CbiNa2 − CdoNa2)Qf (equation A26)
Simplify the notation in Equations A25 and A26 to:
CdiNa1 − CdiNa2 = CdiNa
CdoNa1 − CdoNa2 = CdoNa
CbiNa1CbiNa2 = CbiNa
Using this simpler notation combine Equations A25 and Equation
A26 and solve for KNa,
KNa = ([CdiNa − CdoNa]/[CdiNa
− CbiNa])(Qd + Qf) (equation A27)
As noted above, with the OLC device CbiNa is not measured and
it is assumed that CbiNa = 0 so Equation A27 reduces to
KeNa = [1 − CdoNa/CdiNa][Qd + Qf]
(equation A28)
The term KeNa in Equation A28 denotes effective Na clearance and
will be equal to KNa only if CbiNa = 0. The generalized mathematical
relationship of KeNa to KNa is found by dividing Equation A28 by A27
KeNa/KNa = 1 − (CbiNa/CdiNa)
(equation A29)
Equation A29 illustrates the final common pathway by which
all mechanisms (other than Na measurement error) influence the
KeNa/KNa ratios. Note in Equation A29 that the ratio KeNa/KNa is
inversely related to the ratio CbiNa/CdiNa, and therefore any mech-
anism resulting in CbiNa during the interval over which CdiNa is in-
duced to measure, KNa will result in KeNa/KNa < 1. It can also be noted
in Equation A29 that for any magnitude of CbiNa, the effect on the
KeNa/KNa ratio diminishes as CdiNa increases. Because some Na must
always be added or removed from blood during the transiently induced
blood to dialysate gradients during conductivity clearance measure-
ment, Equation A29 shows that, to maximize measurement precision,
it is essential to maximize CdiNa and minimize any CbiNa during the
measurement.
Substitution of dialysate conductivity for dialysate Na
concentration and measurement of effective conductivity
dialysance (Decn) and clearance (Kecn) as surrogates for
DeNa, KeNa and Deu, Keu
As shown above, the dialysate step function technique provides a
Na diffusion gradient adequate to measure KeNa, as well as provid-
ing a method requiring only dialysate side Na concentrations without
the necessity of blood Na measurement. However, accuracy of dialysate
conductivity measurement is an order of magnitude higher than Na con-
centration measurement using ion selective electrodes, and conductivity
meters are very stable over long intervals of time without recalibration.
Consequently, it was highly desirable to substitute dialysate conduc-
tivity for Na measurement and calculate Kecn from the step function
change in dialysate conductivity. In this case we must write expressions
relating CdiNa and CdoNa to Cndi and Cndo, where Cndi and Cndo are
total conductivity (mS/cm) in the inlet and outlet dialysate streams. To-
tal dialysate conductivity reflects the sum of all ionized species, but the
predominant solute in dialysate is NaCl, and the step function change is
induced by increased proportioning of the acid concentrate, which rep-
resents almost entirely a change in dialysate NaCl concentration. Over
the relatively narrow total step function range of 1.0 to 2.0 mS/cm, the
relationships can be considered linear and written for the inlet and out-
let dialysate streams as
CdiNa = ai + bi(Cndi) (equation A30)
CdoNa = ao + bo(Cndo) (equation A31)
where ai and ao are intercepts reflecting the other ionic solutes, and bi
and bo are the slopes measured during the step function concentration
changes induced in the respective inlet and outlet dialysate streams.
We can substitute Equations A30 and A31 into Equation A27 and
show
Kecn =[
(ai + biCndi1) − (ai + biCndi2) − (ao + boCndo1 − (ao + boCndo2)
(ai + biCndi1) − (ai + biCndo2)
]
[Qd + Qf] (equation A32)
All intercept terms cancel, but if bo and bi are not equal, Equation
A32 reduces to
Kecn = ((1 − (bo/bi)(Cndo/Cndi))(Qd + Qf)
(equation A33)
With correctly calibrated conductivity meters bi = bo and Equation
A33 reduces to
Kecn = (1 − (Cndo/Cndi))(Qd + Qf)
(equation A34)
and Equation A29, derived above for Na, can now be written,
Kecn/Kcn = 1 − Cnbi/Cndi (equation A35)
The effective conductivity clearances (Kecn)
The general notation Kecn/Kcn in Equation A35 can represent the
effect of up to three individual or combined mechanisms operating
through the final common pathway, [1– (Cnbi/Cndi)], as modeled
below. The actual instantaneous flux of Na or conductivity (JNa or Jcn)
across the dialyzer is always determined by the driving force at the
dialyzer inlet (Cnbi – Cndi). In the measurement of Kecn, Cnbi is not
measured, and if it remains constant the term cancels out of the Kcn
calculation. If Cnbi changes during the measurement the driving force
decreases, Jcn decreases, and the observed Kecn (obsKecn) decreases as
in Equation A35. In contrast to the effective urea clearances where we
measure Ju and Ku, and then calculate Keu due to f (Rac) and f (Rcp)
using measured Cbiu, Cacu, and Csu, in the case of Kecn any Cnbi
or Cnac which occurs during measurement of Kcn will be directly ex-
pressed in the (obsKecn) as reduced flux. This is an important distinction:
we measure Ju and Ku and calculate the individual effects of Rac and
Rcp on Ku, while for Kecn we directly observe the aggregate effects
on Kecn (obsKecn), and can evaluate the individual effects only through
comparison to the appropriate urea clearance analogs. The effects of
f (Rac) and f (Rcp) on Kcn are derived below and termed Kecn1 and
Kecn2, which can be shown to be exact analogs of Keu1 and Keu2. We
report here a third mechanism that may reduce obsKecn because of suf-
ficient transfer of Na into blood during the measurement to induce a
change in systemic conductivity (Cns), which recirculates through the
dialyzer (Rs), and reduces the Na diffusion gradient. The mathematic
function defining this mechanism is denoted f (Rs), the effect is defined
as Kecn3/Kecn2, and the derivation can be found below.
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The effect of access recirculation (Rac) on kcn
and Dcn expressed as Kecn1/Ku
The righthand side of Equation A35 can now be evaluated for the
effect of access recirculation on the ratio Kecn1/Kcn. From combination
of Equations A1, A2, A5, and solution for Cnbo it can be shown
Cnbo = Cnbi − ((Kcn − Qf)(Cnbi − Cndi))/(Qbi − Qf)
(equation A36)
Combination of Equations A17 and A36, and solution for Cnbi
results in
Cnbi = [Cndi • Rac(Kcn − Qf)
+ Cns(1 − Rac)(Qbi − Qf)]/[(Qbi − Qf)(1 − Rac)
+ Rac(Kcn − Qf)]
(equation A37)
A value for (Cnbi1−Cnbi2) orCnbi can be calculated from Equation
A37 and measured values for Cndi1 and Cndi2 in accordance with
Cnbi1 − Cnbi2 = [Cndi1 • Rac(Kcn − Qf)
+ Cns1(1 − Rac)(Qbi − Qf)]/[(Qbi − Qf)(1 − Rac)
+ Rac(Kcn − Qf)] − [Cndi2 • Rac(Kcn − Qf)
+ Cns2(1 − Rac)(Qbi − Qf)]/[(Qbi − Qf)(1 − Rac)
+ Rac(Kcn − Qf)] (equation A38)
A fundamental assumption underlying development of the OLC
monitor to measure Kecn as a surrogate for Keu has been that total
Na flux into the blood stream during measurement is too small to result
in a significant change in systemic blood Na (CsNa) and its surrogate
Cns. This assumption is not always valid (see Figs. 3 and 10 and further
derivations below), but in the event that Cns1 = Cns2, which would be
conceptually true here in any case because we are defining the isolated
effect of Rac, the Cns terms cancel from Equation A38, which can then
be simplified to
Cnbi = [Cndi • Rac(Kcn − Qf)]/[(Qbi − Qf)(1 − Rac)
+ Rac(Kcn − Qf)] (equation A39)
Substitution of Equation A39 into A35 and simplification results in
Kecn1/Kcn =(1 − Rac)/(1 − Rac[1 − (Kcn − Qf)/
(Qbi − Qf)])(1 − Cnbi/Cndi)
= f (Rac) = Kecn1/Ku (equation A40)
Note that Kecn1/Kcn in Equation A40 is identical to Keu1/Ku in Equa-
tion A19 and reduces to Decn1/Dcn when Qf = 0. Thus, the effects
of Rac are identical for the ratios Deu1/Du, Keu1/Ku, Decn1/Dcn, and
Kecn1/Kcn. Equation A40 is an exact analog of Equation A19 in that
each defines the isolated effects of Rac on Kcn and Ku, respectively.
The effect of cardiopulmonary recirculation
on Kcn (Kecn2/Kecn1)
We can define the isolated effect of Rcp on Kecn in accordance with
Kecn2/Kecn1 = (1 − Cnac/Cndi) = f (Rcp)
(equation A41)
Kecn2 defines the effect of  Cnac due to Rcp on Kecn1. This definition
follows from the fact that Rcp and Rac are in series so that any Cnac
must induce an equivalent Cnbi so the combined effects of f (Rac) and
f (Rcp) are multiplicative, which can be shown explicitly by substitution
of Equation A40 into A41 to derive
Kecn2/Kcn = (1 − Cnac/Cndi) • (1 − Cnbi/Cndi)
= f (Rcp) • f (Rac) (equation A42)
Analysis of obsKecn data requires that we be able to differentiate
between Kecn1 and Kecn2 using Keu1 and Keu2 so we must examine the
relationship between Cnac/Cndi and Rcp and compare the effects of
Rcp on Kecn2 and Keu2. Mass balance across the heart for conductivity
can be described as
(CO − Qc)Cns + (Qac − Qbi)Cnac + (Qbi − Qf)Cnbo
= CO(Cnac) (equation A43)
Combination of Equations A1, A2, A5, and solution for Cnbo(Qbi −
Qf) results in
Cnbo(Qbi − Qf) = (Qbi−Qf)(Cnac)
− (Kcn − Qf)(Cnac − Cndi)
(equation A44)
Combination of Equation A43 with A44 and solution for Cnac as a
function of Cndi shows
Cnac = [(CO − Qac)Cns
− (Kcn − Qf)Cndi]/[C0 − Qac + Kcn]
(equation A45)
Assume Cns = 0, substitute A45 into A42 and simplify to show
Kecn2/Kecn1 = [CO − Qac + Qf]/[CO − Qac + Kcn]
(equation A46)
Equation A46 can be further simplified to give
Kecn2/Kecn1 = 1/[(1 + Kcn/(CO − Qac))/
(1 + Qf/(CO − Qac))]
= f (Rcp) = (1 − Cnac/Cndi) = f (Rcp) = Kecn2/Ku
(equation A47)
Equation A47 quantifies the isolated effect of Rcp on Kecn1. Note
that the effects of Rcp on Ku and Kcn are virtually identical in Equations
A23 and A47, and become identical when Qf = 0. Thus, Equation A23
is the analog of Equation A47.
The effect of an isolated change in systemic conductivity
(∆Cns) and Rs on Kcn expressed as Kecn3/Kecn2
In the event that Cns = 0, we must account for a third primary
effect on Kcn, which can be defined as
Kecn3/Kecn2 = (1 − Cns/Cndi) = f (Rs)
(equation A48)
The basis of Equation A48 is that any Cns due to Rs must be re-
flected in an equivalent Cnac because Rs is in series with Rcp and Rac.
The magnitude of Cns would be predicted to be directly proportional
to the total amount of Na flux (JdNa) into the patient during measure-
ment of Kcn, which can be approximated as DNa(CdiNa − CbiNa)•
(ts), where ts is duration of the step function CdiNa, and inversely pro-
portional to the effective Na distribution volume, VeNa. Thus CsNa =
JdNa/VeNa and VeNa over the very short interval of a few minutes
would be little more than extracellular fluid volume [15] and expected
to be proportional to patient size. We can thus write an expression to
estimate Cns,
Cns = 0.10[DNa(CdiNa − CbiNa) • ts/VeNa]
= 0.10(JdNa)/VeNa
(equation 49)
where 0.10 is an average ratio of conductivity (mS/cm) to Na concen-
tration (mEq/L). Note that Qf is ignored because the ultrafiltrate flux
is isotonic and will not effect a change in blood Na. Combination of
Equation A48 and A49 shows
Kecn3/Kecn2 = 1 − [0.10[DNa(CdiNa − CbiNa)
• ts/VeNa]/[CdiNa] = f (Rs)
(equation A50)
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and, written in terms of conductivity,
Kecn3/Kecn2 = 1 − [[Dcn(Cndi
− Cnbi) • ts/Vecn)]/Cndi = f ((Jdcn)/Vecn)
= (1 − Cns/Cndi) = f (Rs) (equation A51)
It can be deduced from Equation A51 that Cns would be expected
to be more likely to occur with higher clearance dialyzers, longer test
times, and in smaller patients with higher levels of Cndi.
The combined effects of Rac, Rcp, and Rs
on Kcn(Kecn3/Kcn)
We can combine Equations A40, A47, and A51 to show
Kecn3/Kcn = f (Rac) • f (Rcp) • f (Rs)
= (1 − Cnbi/Cndi)(1 − Cnac/Cndi)
(1 − Cns/Cndi) (equation A52)
which can be expanded to show the product of the mathematical func-
tions defining the recirculating flow streams,
Kecn3 = Kcn • ((1 − Rac)/(1 − Rac[1 − (Kcn
− Qf)/(Qbi − Qf)]) • (1/[(1 + Kcn/
(CO − Qac))/(1 + Qf/(CO − Qac))])
• [1 − Cns/Cndi] (equation A53)
Equations A52 and A53 show the combined effects of all three pri-
mary mechanisms on Kcn as the product of the three primary mecha-
nisms operating to reduce obsKecn in vivo. It should be noted that the
effects of Rac, Rcp, and Rs on the obsKecn/Kcn ratio can all be calculated
with Equation A53. Any function that is not operative simply takes on
the value of 1 in the expression.
Summary of modeled inter-relationships
The most important relationships revealed through modeling this
system are:
(1) All mechanisms reducing the ratio Kecn/Kcn operate ultimately
through the term (1 −  Cnbi/Cndi) in Equation A33;
(2) The three primary mechanisms reducing the ratio Kecn/Kcn are
f (Rac), f (Rcp), and f (Rs);
(3) If Rac is present in the clinical data studied, the effect, f (Rac),
will always be expressed in obsKecn and Keu1;
(4) Rcp always occurs in the case of Ku and is expressed as Keu2
but its expression in obsKecn is dependent on the kind of Cndi
profile used;
(5) If Rs is present in the observed data it will induce Rcp and
the combined effects f (Rcp)• f (Rs) will always be apparent in
obsKecn;
(6) f (Rac), f (Rcp), and f (Rs) can be expressed as combined mech-
anisms and the effects of combined mechanisms are always the
product of the effects of the individual mechanisms;
(7) The only way the effects of these three mechanisms on Kecn
can be differentiated is by comparison of obsKecn with the 4
urea clearance analogs, which has important implications for the
optimal design of Kecn studies.
Approach to analysis of observed Kecn values (obsKecn)
It must again be emphasized that, even though we cannot directly
measure, and thus, differentiate the effects of Rac, Rcp, and/or Rs on
Kcn, if they are operative their effects will always be expressed in obsKecn
because of the direct and multiplicative effects of each to reduce Na flux
through the final common pathway (1 – Cnbi/Cndi). In the case of
Keu we can easily measure Cbiu, Cacu, and Csu, and directly calculate Ku,
Keu1, Keu2, and Keu3. In view of these functional relationships between
Keu and Kecn it is clear that correct interpretation of obsKecn requires
matching of obsKecn with one of the 4 urea clearance analogs. We can
thus consider four functional analytic relationships between obsKecn
and the urea analogs for explicit analysis of obsKecn data. In all cases
we represent the unknown, obsKecn/Kcn, as
obsKecn = Kcn • f (Rac) • f (Rcp) • f (Rs)
(equation A54)
We consider Kcn = Ku and proceed to examine the relationship of
obsKecn/Kcn to the four urea clearance analogs.
The first analytic equation is
obsKecn/Ku = [Kcn • f (Rac) • f (Rcp) • f (Rs)/[Ku]
= f (Rac) • f (Rcp) • f (Rs)/1
(equation A55)
If obsKecn/Ku = 1, f (Rac), f (Rcp), and f (Rs) all equal 1 and we can
conclude obsKecn = Kcn = Ku. We can also conclude Rac and Rs were
not present in the data observed, and Rcp was not expressed in obsKecn.
If obsKecn/Ku < 1, some combination of f (Rac), f (Rcp), and f (Rs)
are expressed in obsKecn but they cannot be differentiated from this
analytic equation alone.
If obsKecn/Ku < 1 and f (Rac) is known to equal 1, then we can write
f (Rcp) • f (Rs) = obs Kecn/Ku
(equation A55a)
This functional relationship can be used to analyze data where an-
other method such as thermal dilution has been used to determine
f (Rac) = 1.0
If obsKecn/Ku > 1, there is likely measurement error because there
is no known mechanisms that could give this result (i.e., Kcn >Ku).
The second analytic equation is
obs Kecn/Keu1 = [Kcn • f (Rac) • f (Rcp)
• f (Rs)]/[Ku • f (Rac)]
= [ f (Rac) • f (Rcp) • f (Rs)]/ f (Rac)
(equation A56)
If obsKecn/Keu1 = 1, f (Rcp) = f (Rs) = 1.0, which clearly shows they
are not expressed in obsKecn.
If obsKecn/Keu1 < 1, it is because either f (Rcp) or f (Rcp)• f (Rs) are
expressed in obsKecn. In this case we can write
f (Rcp) • f (Rs) = obsKecn/Keu1 (equation A56a)
Equation A57a is very useful for analysis of obsKecn data. If
obsKecn/Keu1 < 1, a value for f (Rs) can be calculated if we know or
can estimate f (Rcp).
If obsKecn/Keu1 > 1, there is likely measurement error because there
is no known mechanism to predict this ratio.
The third analytic expression is
obsKecn/Keu2 = [Kcn • f (Rac) • f (Rcp) • f (Rs)]/[Ku • f (Rcp)]
= [ f (Rac) • f (Rcp) • f (Rs)]/[ f (Rcp)]
(equation A57)
If obsKecn/Keu2 = 1, we conclude f (Rcp) is expressed in obsKecn and
f (Rac) and f (Rs) were not present in the analyzed data.
If obsKecn/Keu2 < 1, some combination of f (Rac) and f (Rs) are ex-
pressed in obsKecn, and we can calculate the magnitude of the combined
effects from
f (Rac) • f (Rs) = obsKecn/Keu2 (equation A57a)
If we know or can estimate one of the two unknowns we can solve
for the second.
If obsKecn/Keu2 > 1, we can conclude that f (Rac) and f (Rs) were not
present in the data examined, and f (Rcp) was not expressed in obsKecn.
Therefore, we can calculate
f (Rcp) = 1/obsKecn/Keu2 (equation A57b)
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The fourth analytic expression is
obsKecn/Keu3 = [Kcn • f (Rac) • f (Rcp)
• f (Rs)]/[Ku • f (Rac) • f (Rcp)]
= [ f (Rac) • f (Rcp) • f (Rs)]/[ f (Rac) • f (Rcp)]
(equation A58)
If obsKecn/Keu3 = 1.0, we can conclude that Rs is not expressed in
obsKecn (i.e., f (Rs) = 1).
If obsKecn/Keu3 < 1.0, the ratio must reflect the isolated effect of
f (Rs) on obsKecn. The magnitude of f (Rs) can be calculated directly
from the data in accordance with
f (Rs) = obsKecn/Keu3 (equation A58a)
If obsKecn/Keu3 > 1, it must be concluded that f (Rcp) is not expressed
in obsKecn, and therefore, f (Rs) cannot be present because it always
induces the expression of f (Rcp). Thus, we can calculate f (Rcp) from
f (Rcp) = 1/obsKecn/Keu3 (equation A58b)
An example of this analysis is shown in Figure 5.
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